Aims/hypothesis. The postprandial state has been shown to be associated with endothelial dysfunction, a predictor of cardiovascular morbidity. In Type 2 diabetes, postprandial metabolic excursions are prolonged and exaggerated, but less pronounced if glycaemic control is optimised. We investigated the impact of improved glycaemic control on endothelial function in the postprandial state. Methods. We studied 19 postmenopausal women with Type 2 diabetes and ten non-diabetic subjects. Participants with diabetes were re-studied 3 months after intensive glucose regulation. We measured forearm blood flow by strain gauge plethysmography during rest, during acetylcholine infusion and post ischaemia in the fasting state, and again 3 hours after a mixed meal (660 kcal, 55% fat). Results. Endothelium-dependent vasodilation was impaired in the diabetic group (p<0.005) and improved following an HbA 1 c reduction of 0.96% (p<0.05 for high-dose acetylcholine infusion). Postprandial metabolic excursions were higher in the diabetic group (p<0.001, p<0.01 and p<0.05 for glucose, insulin and triglycerides respectively). Resting forearm blood flow increased in all groups after the meal (p<0.005). There was no difference in fasting and postprandial endothelium-dependent vasodilation before and after improved glucose regulation in either group. Conclusions/interpretation. The postprandial state does not impair endothelial function in non-diabetic women and does not make pre-existing endothelial dysfunction worse in women with Type 2 diabetes, irrespective of glycaemic control.
Introduction
Postprandial metabolic excursions are exaggerated in people with insulin resistance [1] . In Type 2 diabetes postprandial hyperglycaemia is an independent risk factor for cardiovascular disease [2] and a stronger predictor of cardiovascular mortality than fasting plasma glucose [3] . There is mounting evidence to suggest that delayed postprandial lipaemia represents an independent cardiovascular risk factor [4] . Endothelial dysfunction precedes [5] and predicts [6] overt cardiovascular disease and is therefore a potential mechanism linking the postprandial state to cardiovascular risk [7] . The extent of endothelial impairment can be assessed clinically by strain gauge plethysmography vided from fat (41 g), 26% provided from carbohydrate (45 g ) and 17% provided from protein (26 g ). Participants remained seated for 3 hours after the meal. Postprandial blood tests and blood flow studies were repeated in an identical fashion as in the fasting state. The non-diabetic participants were discharged at the end of the first study visit. Participants with Type 2 diabetes entered a three-month interventional phase commencing at the first study visit. All subjects received individualised education and advice from a dietician and a physician. During the advice session with the physician, exercise strategies were outlined and initial medication adjustments were made, adding and/or increasing oral hypoglycaemic therapy and/or insulin therapy. Participants were encouraged to check capillary blood glucose levels three to six times daily and to keep a blood glucose diary. The physician contacted each participant at least every fortnight to further optimise therapy. Treatment targets were fasting capillary blood glucose levels of between 4 and 7 mmol/l and 2-h postprandial levels of less than 10 mmol/l. Participants were commenced on insulin if treatment targets could not be reached despite maximal metformin and sulphonylurea therapy. Three participants were changed from a twicedaily to a four-times-daily basal-bolus insulin regimen. All participants were invited to see the dietician a second time during the second month of the intervention. Post intervention, fasting and postprandial blood tests as well as blood flow studies were repeated in an identical fashion.
Venous occlusion plethysmography. The participant lay with both forearms placed in braces above the level of the heart. Appropriately sized mercury-filled silastic strain gauges (Hokanson, Bellevue, Wash., USA) were placed around the widest section of each forearm and connected to a plethysmograph (EC-4; Hokanson), which was interfaced with a computer. After infusing physiological saline for 30 min at a rate of 1 ml/min (Terumo constant rate infuser) through the arterial line, wrist cuffs were inflated to 50 mm Hg above arterial pressure before the measurements were taken. Forearm blood flow of the non-dominant (infused) forearm was measured in the following sequences: (i) resting; (ii) during intra-arterial infusion of acetylcholine at 20 and 40 µg/min (low-and highdose); (iii) resting after a break of 10 min; and (iv) after local ischaemia induced by brachial cuff inflation to 50 mm Hg above arterial pressure for 5 min. Resting blood flow of the dominant (non-infused) arm was measured simultaneously. Using self-developed software, forearm blood flow was derived from forearm distension and expressed as millilitres per 100 ml forearm tissue per minute (ml·min −1 ·dl −1 ). Forearm distension was achieved by inflating and deflating brachial cuffs to supra-venous pressure levels (45 mm Hg) with a rapid cuff inflator (E20; Hokanson) for 5 and 10 seconds respectively. Ten inflation-deflation cycles were recorded for each stage of the protocol and averaged. Our between-week CV for blood flow studies was 13% resting and 14% post ischaemia.
Biochemical tests. Lipid ultracentrifugation was performed in a Beckman L8-M Ultracentrifuge fitted with a Kontron TFT 45.6 Rotor at 37,000 rpm for 5 min using various density solutions. Lipoprotein fractions were separated using a tube slicer and the lipoprotein content of each fraction was measured after precipitation with phosphotungstate (Cobas BIO HDL method). Insulin was measured using a Roche Elecsys 2010 automated analyser after pre-treatment of the specimen with polyethylene glycol. Endothelin-1 was assayed using endothelin antiserum (catalogue number RAS6091; Peninsula Labs, Belmont, Calif., USA). High-sensitivity C-reactive protein was measured by particle-enhanced immunonephelometry on the Dade Behring BN2 Nephelometer (Dade Behring Marburg, [8] . In this study we assessed how the ingestion of a fatty meal affects endothelium-dependent vasodilation of forearm resistance vessels in non-diabetic women and in women with Type 2 diabetes before and after improvement of glycaemic control. We hypothesised that a test meal would impair endothelial function more in participants with Type 2 diabetes than in nondiabetic subjects, as postprandial metabolic excursions are exaggerated and prolonged in Type 2 diabetes [9]. Consequently, reduced metabolic excursions, achieved through better diabetic control, should result in less postprandial impairment of endothelial function.
Subjects and methods
Subjects. Nineteen women aged between 50 and 77 years with established Type 2 diabetes (according to the WHO criteria for the diagnosis of diabetes) were recruited from the Diabetes Service at Christchurch Hospital, New Zealand. For inclusion in the study, an HbA 1 c level of above 7.6% was required. In order to minimise patient variability, only postmenopausal women who were not on hormone replacement therapy were recruited. The postmenopausal state was defined as the absence of menstruation for more than 2 years and a folliclestimulating hormone level of above 25 U/l. The main exclusion criteria included a history of advanced renal failure, unstable angina, atrial fibrillation, serious allergic reactions, clotting disorders and use of warfarin, oestrogen and cortisol-containing preparations. For the non-diabetic group we recruited ten previously healthy, postmenopausal women through advertisements in local newspapers. Participants in the non-diabetic group were on no medications. Written informed consent was obtained from all subjects. The Canterbury Ethics Committee approved the study protocol.
Study protocol. At the screening visit, medical history, physical examination with anthropoid measurements, deep breathing test and blood sample collections (plasma glucose, electrolytes, renal and liver tests, haematology and HbA 1 c) were performed. The first study visit followed 2 to 4 days later. Participants attended during fasting, having not smoked for 12 hours and having refrained from morning exercise. Study visits took place in the Medical Research Centre of the Department of Medicine, Christchurch School of Medicine, a quiet, windowless and air-conditioned room (constant temperature 22°C). The study protocol was the same for all visits. At 07.30 hours, the participants lay down in a supine position for at least 15 min. Fasting venous blood samples were then collected for glucose, HbA 1 c, insulin, cardiovascular risk markers, lipoproteins and endothelin-1, and were processed immediately. A 22-g plastic cannula (Radial Artery Catheterization Set, Arrows International, Germany) was inserted into the brachial artery of the non-dominant arm near the cubital fossa under local anaesthesia, and forearm blood flow was assessed by venous occlusion plethysmography. Blood pressure was measured in triplicates, in the dominant (non-infused) arm using a standard sphygmometer, by the same investigator before, during and after blood flow studies with the participant remaining supine. Following the first plethysmography session, participants were guided to a comfortable armchair in an adjacent observation room. The arterial needle remained in situ with the extended arm immobilised by a splint. A 660-kcal breakfast (croissants, ham, cheese, polyunsaturated margarine, bread, tomatoes, eggs and water) was served at 10.30 hours, with 57% of energy pro-Germany). For the deep breathing test, a measure of parasympathetic heart rate control, a resting electrocardiogram was recorded continuously during four cycles of deep inspiration-expiration. The ratios of the longest to the shortest RR intervals for each respiratory cycle were averaged.
Data analysis. Changes in resting forearm blood flow (FBF) during acetylcholine infusions and post ischaemia were either expressed as the increase above resting blood flow (∆FBF) to correct for meal-induced FBF changes, or as the ratio of blood flow in the infused arm to blood flow in the non-infused arm (ratio, rFBF) to correct for systemic FBF changes [10] . ∆FBF and rFBF were analysed by repeated measures ANOVA (general linear model). Paired and unpaired two-tailed t tests, or Mann-Whitney U test and Wilcoxon signed ranks test were used for comparison of variables between the diabetic and nondiabetic groups as well as within the diabetic group. Correlation analysis was performed using Pearson's or Spearman's correlation coefficient. Statistical significance was accepted at the 95% confidence interval (p<0.05).
Results
Characteristics of study participants. The characteristics of the participants in the non-diabetic and diabetic groups are shown in Table 1 . The insulin dose was increased by 19.0±17.4 units in seven participants and decreased by 8 units in one participant, who was changed to a basal-bolus regimen. The average insulin dose in the four participants commenced on insulin was 50±24.0 pmol/l. Plasma oestradiol was closely correlated with BMI (r=0.633, p<0.0001). The expiration : inspiration ratio was significantly reduced among participants in the diabetic group.
Biochemical data. Fasting and postprandial blood results for the non-diabetic and diabetic groups before and after intervention are summarised in Table 2 . In the fasting state, glycaemic indices differed significantly between the groups as expected. VLDL cholesterol, triglycerides and VLDL triglycerides were higher, and HDL was lower in the diabetic group. The difference in biochemical cardiovascular risk markers, although higher in the diabetic group, did not reach statistical significance (p=0.22 for high-sensitivity C-reactive protein, p=0.13 for fibrinogen and p=0.082 for endothelin-1). In the postprandial state, plasma insulin, VLDL cholesterol, triglycerides and VLDL triglycerides were increased compared with in the fasting state in both the non-diabetic and diabetic groups. Plasma glucose increased only in the diabetic group. Plasma glucose, plasma insulin, VLDL cholesterol, triglycerides and VLDL triglycerides were higher, and HDL was lower, in the diabetic group compared with in the non-diabetic group. Intensive glycaemic control for 3 months led to a reduction in HbA 1 c of 0.96%. Fasting and postprandial plasma glucose was lowered without a change in fasting or postprandial insulin (p=0.77, p=0.81). The positive effect on lipoprotein fractions, both fasting and postprandial, did not reach significance levels (increase in fasting HDL p=0.063, decrease in fasting and postprandial triglycerides p=0.12 and p=0.16 respectively, decrease in fasting and postprandial VLDL triglycerides p=0.11 and p=0.27 respectively).
Blood flow studies. Table 3 summarises FBF, ∆FBF and rFBF data. Figure 1 shows the effect of acetylcholine infusion on fasting and postprandial FBF, and Figure 2 shows the effect of the meal on ∆FBF in both groups before and after intervention.
In the fasting state, resting FBF did not differ between the groups (p=0.25). However, ∆FBF during high-and low-dose acetylcholine infusion and post ischaemia was reduced in the diabetic group. This between-group difference was more significant when expressed as rFBF.
In the postprandial state, resting FBF was increased in both groups. In the fasting state, resting FBF did not differ between the groups (p=0.34), but ∆FBF and Values are means ± SEM. * p<0.05, ** p<0.01, *** p<0.001 for differences between the diabetic and non-diabetic groups; ## p<0.005 for differences between fasting and postprandial; § p<0.05 for differences between pre and post intervention
Fig. 1. Effect of intra-arterial acetylcholine (ACh) infusion on fasting (empty markers) and postprandial (full markers) FBF in the non-diabetic (Non-DM) and diabetic (DM) groups before and after
intervention. Squares, control arm; circles, infused arm. Data are presented as means ± SEM. Please refer to Table 3 for the significance levels of the differences between groups and interventions Table 3 for significance levels of the differences between groups and of intervention-induced differences. ments in glycaemic control had no significant effect on ∆FBF and rFBF post ischaemia (fasting p=0.96 and p=0.97, postprandial p=0.37and p=0.95). Mirroring results before intensive glycaemic control, the meal increased resting FBF, but did not impair ∆FBF or rFBF (p=0.37 and p=0.79 during acetylcholine infusion, p=0.14 and p=0.87 post ischaemia). In terms of correlation analysis there was a strong inverse correlation between plasma insulin and ∆FBF during acetylcholine infusion both in the fasting state (r=−0.429, p<0.05 for low-dose acetylcholine and r=−0.637, p<0.0005 for high-dose acetylcholine) and in the postprandial state (r=−0.451, p<0.05 for low-dose and r=−0.513, p<0.005 for high-dose). The postprandial state was associated with a parallel upward shift of the corresponding regression lines along the y axis without a significant change in the slope. Figure 3 illustrates the correlation between ∆FBF during high-dose acetylcholine infusion and plasma insulin in the fasting and postprandial state, marking participants of the non-diabetic group and the diabetic group separately. Pre-and postprandial ∆FBF did not correlate with other glycaemic indices, cardiovascular risk markers or lipoproteins.
Discussion
We demonstrated that in resistance vessels, postprandial endothelium-dependent vasodilation (EDV) does not differ from fasting EDV, despite the exaggerated metabolic excursions in participants with Type 2 diabetes. After 3 months of intensive glycaemic control, we found a reduction in postprandial metabolic excursions, but postprandial EDV only improved to the same degree as fasting EDV. [39] . The transient impairment was significant (p<0.01) at 1.7 ml·min −1 ·dl −1 but has to be seen in the context of FBF measurements ranging from 13.7 to 20.4 ml·min −1 ·dl −1 , with SDs of up to 9.5 ml·min −1 ·dl −1 . Two hours after the meal, vasodilation recovered despite persisting metabolic excursions. When six matched volunteers underwent an identical protocol after a fat-free meal, no transient impairment could be found, suggesting that the fat content and not the postprandial state itself impairs EDV. Given the convincing evidence that nutrient delivery to a tissue bed is closely linked to EDV in the microvasculature [41, 42] , it is surprising that in Type 2 diabetes the impact of a physiological meal on endothelial function has not been studied invasively. Noninvasive endothelial function assessment in the microvasculature, i.e. the measurement of post-ischaemic resistance vessel dilation, lacks specificity for endothelial function [43] . In a pilot study, our group found no impairment of the post-ischaemic response 3 hours into the postprandial state [44] . Francesconi et al. described a postprandial reduction in FBF 10 seconds post ischaemia in the diabetes group, but not in the control group [45] , measuring maximal vasodilation 10 seconds post ischaemia and not immediately post ischaemia. In our study, the immediate post-ischaemic response did not differ between the postprandial and the fasting state, neither in the diabetic nor in the nondiabetic group. We expanded on the available evidence in Type 2 diabetes by assessing postprandial endothelial function invasively, i.e. during intra-arterial infusion of acetylcholine. We found no meal-induced impairment of endothelium-dependent resistance vessel function in either the control or the diabetes group, irrespective of glycaemic control. This finding suggests that the postprandial increases in plasma glucose and lipoproteins do not acutely impair EDV. Consequently exaggerated metabolic excursions found in Type 2 diabetes are unlikely to contribute to insulin resistance via endothelial-vasodilation-impairing mechanisms. Insulin has vasodilating properties, which are endothelium dependent and mediated by nitric oxide [46] . This effect explains the postprandial increase in resting FBF in our study and all comparable studies cited above. However, we found a strong, inverse correlation of plasma insulin concentration with EDV in the fasting and the postprandial state. Chronic hyperinsulinaemia is believed to affect endothelial function adversely through activation of the mitogen-activated protein kinase pathway [47] and by disturbing the balance between vasoconstricting and vasodilating endothelial mediators [48] . Endothelial dysfunction has been shown to be associated with insulin resistance and the evidence for a causal relationship is mounting [48, 49] . In our study, plasma insulin levels did not reflect the degree of insulin resistance entirely, as most participants injected long-acting insulin 12 hours prior to blood sampling and a fraction of the measured plasma insulin was therefore exogenous. Our findings suggest furthermore that, in contrast to prevailing hyperinsulinaemia, the postprandial insulin surge does not disturb endothelial function. The meal-induced increase in insulin was not associated with impaired EDV and did not alter correlations between plasma insulin and EDV.
Other findings. The marked difference in expiration : inspiration ratio implies a profound, functional impairment of the parasympathetic, autonomous nervous system among participants in the diabetic group. A major role of the parasympathetic nervous system in meal-induced blood flow changes is therefore unlikely, as these responses did not differ between the nondiabetic and the diabetic group. Its contribution to the pre-existing impairment of vasodilation in the diabetic group, however, is conceivable. We were unable to demonstrate a consistent correlation of HbA 1 c, plasma glucose, lipoprotein fractions and cardiovascular risk markers with EDV. Currently available data on such correlations are contradictory, possibly reflecting the need for a larger sample size.
Study limitations.
We infused the nitric oxide donor acetylcholine only, as the nitric oxide dependence of impaired vasodilation in Type 2 diabetes has been established. However, it is conceivable that there is an impairment of non-nitric-oxide-dependent vasodilation in the postprandial state. In order to minimise ar- terial line complications and to not miss the meal response in the non-diabetic group we measured EDV 3 hours after the meal, the time point at which the postprandial triglycerides would have increased to the greatest extent but would not have peaked in the diabetic group [23, 27, 40] . Data from studies measuring EDV once in 3 hours, or serially after a meal challenge suggests that endothelial impairment occurs within 3 hours in healthy volunteers [25, 26, 28, 39, 40] and patients with Type 2 diabetes [27, 29] at similar or lower postprandial triglyceride elevations than in our study. It is therefore unlikely that we missed the effect of postprandial lipid excursions on endothelial function in the diabetic group due to the timing of EDV measurements. Plethysmography studies were not repeated in the non-diabetic group; we therefore cannot rule out a time effect on endothelial function in the diabetic group. We did not measure blood pressure intra-arterially, limiting accurate vascular resistance calculations. However, this is unlikely to affect results since endothelium-dependent FBF changes were expressed relative to the non-infused arm, assuming blood pressure was similar in both arms.
Conclusions. The ingestion of a physiological, highfat meal is not associated with acute endothelial dysfunction in forearm resistance vessels of non-diabetic and diabetic women, despite exaggerated metabolic excursions among women with diabetes. After 3 months of intensive glycaemic control, improvements in endothelial function did not differ between the fasting and postprandial state, strengthening the notion that postprandial metabolic excursions are not significant modulators of endothelial function.
